Introduction
Observations with lunar laser ranging have brought novel information on the lunar motion. The free librations of the Moon were found to consist of three different periods which depend on the lunar figure (see Mulholland, 1980) . Recent studies suggest the detection of effects of the lunar solid and/or core-mantle friction in the 18.6 year precession of the lunar figure (Yoder, 1990) , which would discriminate the dynamical effects of the core.
In these analyses, corrections for the tides of the Moon are considerably important as pointed out by Han (1963) since the precessional motions overlap with the lunar tidal deformation in nearly monthly periods. The tidal dissipation in the Moon is also one of the keys to estimate the orbital evolution, especially on the variation of the eccentricity (Groves, 1960; Goldreich, 1963; Goldreich and Soter, 1966) . If we can measure more precisely the tides of the Moon through new techniques, such as a differential VLBI or gravimetry on the Moon, the tidal dissipation as well as the core-mantle dynamics can be directly observed. In these studies, we need a precise model of the tides on the Moon.
The Moon keeps a synchronous rotation on the spin and the revolution. The tides are mainly induced by the eccentricity and the inclination of the lunar orbit and the perturbation due to the Sun. The tidal force of the Sun itself is one order smaller than that of the Earth. Up to the present many works were achieved on development of the tidal theory of the Moon. Harrison (1963) presented the theoretical expansion of the gravity tides. Cheng and Toksoz (1978) 
where F20 and G2 are given by (6) and (7) The tesseral components are given by (8)
(10)
and (12) where (13) The sectorial components are (14) (26) The above formulas can follow the change of the lunar orbit brought by the evolution, as far as the Moon stays at the second status of the Cassini's law. Hence we can compute the tides of the Moon inserting Eqs. (22), (24), and (26) into Eqs. (1) to (19). These formulas are enough to estimate the tidal effects in the evolution of the orbit.
These might, however, be not accurate enough for observations of the Moon because of simplification in the perturbation terms due to the Sun. Hence, we have to adopt numerical coefficients presented by Brown (1910) for the expression of the present tides of the Moon. Those are (27) (28) and (29) Differences appear in the terms which include D or L in the arguments.
Numerical Results
The orbital elements of the present day are given as These lead us to (30) and (31) Inserting (29), (30), and (31) into (6), (13), and (19), we have
and (34) Thus the zonal component of the gravity variation at the point P is, in the unit of ƒÊ gal,
The displacements are in the unit of cm as follows: (36) and (37) The tesseral components in the same units used for the zonal component are as follows:
and (41) The sectorial components are as follows: We also developed precise formulas of tides at present day for study of the lunar interior and for correction for the observations of the libration and deformation of the Moon. The major components of tides are given in Table 1 as an example. In the table, we listed only the radial displacement and the gravity variation in order to show how they are affected by the Love numbers. As the Love number l2 is expected to be close to 0.05, the magnitude of the tangential displacement is the same order with the radial one. We can estimate the tidal displacements with better than millimeter accuracy by using the formulas described in this paper. These formulas will be useful for interpretation of observations of the lunar deformation with advanced space technology such as VLBI, since differential VLBI technique can measure the variation in the distance between two artificial radio transmitters on the Moon with an accuracy of a few centimeters (Hanada et al., 1991) . The results of Table 1 suggest to us possibilities to set a constraint on the model of the lunar internal structure.
Some problem in data analyses would be that two major periods of tides are close to each other (27.55 and 27.21 days) and then the rather long period of observations shall be needed to separate tidal constituents.
